Cardiovascular disease is the leading cause of death worldwide. Many cardiovascular diseases are better diagnosed during a cardiac stress test. Current approaches include either exercise or pharmacological stress echocardiography and pharmacological stress magnetic resonance imaging (MRI). MRI is the most accurate noninvasive method of assessing cardiac function. Currently there are very few exercise devices that allow collection of cardiovascular MRI data during exercise. We developed a low-cost exercise device that utilizes adjustable weight resistance and is compatible with magnetic resonance (MR) imaging. It is equipped with electronics that measure power output. Our device allows subjects to exercise with a leg-stepping motion while their torso is in the MR imager. The device is easy to mount on the MRI table and can be adjusted for different body sizes. Pilot tests were conducted with 5 healthy subjects (3 male and 2 female, 29.2 6 3.9 yr old) showing significant exercise-induced changes in heart rate (þ42%), cardiac output (þ40%) and mean pulmonary artery (PA) flow (þ%49) post exercise. These data demonstrate that our MR compatible stepper exercise device successfully generated a hemodynamically stressed state while allowing for high quality imaging. The adjustable weight resistance allows exercise stress testing of subjects with variable exercise capacities. This low-cost device has the potential to be used in a variety of pathologies that require a cardiac stress test for diagnosis and assessment of disease progression.
Introduction
Cardiovascular disease is the leading cause of death in developed nations, including the United States [1] . According to the Centers for Disease Control and Prevention (CDC), there were 595,444 deaths due to heart disease alone in 2010 [2] . Assessment of cardiac function during exercise can be used as a diagnostic tool in the investigation of a wide range of cardiovascular diseases [1] . Several cardiovascular pathologies, such as myocardial ischemia, may only be apparent when the heart rate and cardiac output (CO) are higher than at rest [3, 4] . For this reason, diagnostic stress tests, in which a subject's heart rate and CO are increased by either pharmacological stimulation or physical exercise, are often conducted.
Pharmacological stress tests have been shown to be as diagnostically useful as exercise stress tests and safe, provided that trained professionals closely monitor vital signs and resuscitation equipment is available [5, 6] . These tests can be performed with different noninvasive imaging techniques but MRI is the reference standard for noninvasive measurement of global and local cardiac function as it provides three dimensional imaging data with high spatial and temporal resolution [7] [8] [9] . Using MR images, changes in flow, ventricular volume, and cardiac output can be measured throughout the cardiac cycle [10, 11] . In addition, cardiac perfusion can be assessed [12] . Indices of cardiac function from MRI-based pharmacological stress tests are strong predictors of myocardial infarction morbidity and mortality [13] .
However, advantages to performing an exercise stress test are that it more closely resembles cardiovascular stress experienced during daily life, is better tolerated by patients, and is more cost effective [14] . Physical exercise stress is commonly utilized in conjunction with echocardiography to evaluate cardiac function and performance [3, 15] . In the context of MRI imaging, physical exercise stress poses significant challenges due to the limited space in the cylindrical cavity of the MR machine in which imaging takes place (the bore), the horizontal position of the subject during imaging, incompatibility of standard exercise equipment with the strong magnetic fields required for MR imaging and the sensitivity of MRI to motion artifacts. Therefore, most MRI-based physical exercise stress tests to date have used a paradigm in which exercise is performed outside of the MRI bore with a bicycle or treadmill; when the target level of exercise is reached, the subject stops exercising, relocates to a supine position on the MR table and is advanced into the bore for imaging [16, 17] . The time lapse between exercising and imaging often allows for the subject's heart rate and CO to recover, especially for subjects with close to normal cardiac function. Therefore, exercise devices that can be used while the subject's torso remains in the MRI bore address a significant unmet clinical need.
Herein, we describe the design and construction of low-cost exercise device that is compatible with both exercise and cardiac MR imaging and pilot data from 5 healthy subjects that demonstrate its ability to induce exercise stress.
Materials and Methods
Mechanical Design. Our design uses a stepping motion with adjustable weights as the source of resistance (Fig. 1) . It is constructed mainly of high-density polyethylene (HDPE), aluminum, brass, and nylon, all nonferrous materials. The base of the device is a 1.27 cm ( 1 =2 in.) thick HDPE sheet, with two angled tracks Fig. 1 MRI-compatible stepper exercise device in the initial position and a subject ready to begin exercising. The L-shaped lever arms have enclosures for weights at the end of the long arms (which are horizontal in orientation shown) and foot pedals for the subject's feet at the end of the short arms (which are vertical in the orientation shown). The moving parts are fixed on a platform designed to sit securely on the MRI bed. A backpack-type shoulder harness and hand straps are used to enhance stability and decrease torso motion during exercise. A shielded electronic box with a motion sensor that transmits information regarding stepping cadence is installed on the platform.
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Transactions of the ASME underneath. These angled tracks match the contours of the MRI table, allowing both the device and subject to slide on the MRI table as needed to ensure the torso is inside the MR bore while the legs are free to move (Fig. 2) . The stepping motion is accomplished through the use of two L-shaped lever arms. Within each lever arm, two glass-acetal bearings allow for smooth rotation on a pivot constructed of aluminum. These components are held up with three vertical supports. Both the lever arms and vertical supports were constructed as I-beams using 1.27 cm ( 1 =2 in.) thick HDPE, with a 7.62 cm (3 in.) web and 5.08 cm (2 in.) flanges. As the subject pushes on foot pedals mounted on the short arms, he or she raises the weights in the weight enclosures at the end of the long arms. The foot pedals consist of 30.48 cm (12 in.) long, 1.27 cm (1/2 in.) thick pieces of HDPE, each rotating on two glass-acetal bearings, with plastic, foam, and nylon shoes attached to each pedal. The shoes add stability to the user's foot during exercise and the bearings allow the foot pedals to articulate forward and backward, allowing for a more comfortable stepping motion.
The weights consist of DuPont Zodiaq tiles: a nonferrous, quartz-based material with a high density of 2.4-2.5 g/cm 3 . HDPE weight enclosures, each with a maximum capacity of 16 tiles, are located at the end of the long arms, as shown in Fig. 1 . Since each tile weighs approximately 0.45 kg (1 lb), this allows for a variable capacity of 0-7.27 kg (0-16 lbs) on each leg, which provides a discretely adjustable level of resistance. In addition to the foot pedal shoes, nylon hand straps and a shoulder harness are used to secure the user to the device and reduce subject movement. The shoulder harness has a quick releasing clip and the foot pedals have Velcro straps that allow the subject to be removed quickly in case of a medical emergency.
Electronic Measurement/Feedback System. An optical sensor to measure the distance from the base to one of the moving lever arms (Sharp GP2Y0A02YK0F-Sharp Microelectronics of the Americas, Camas, WA) was incorporated into the design in order to measure stepping power and cadence. This sensor emits an infrared (IR) beam of light, which reflects off of the underside of the lever arm and then returns to the sensor. Based on the distance to the lever arm and the angle of reflection changes, the sensor outputs a corresponding analog voltage. This information is transmitted to a microcontroller (Arduino Uno, Arduino, Italy) and then the data are sent via universal serial bus (USB) to a serial port on a laptop computer. Custom-designed code (written in MAT-LAB R2011, The Math Works, Inc., Natick, MA) converts the voltage data to a distance measurement based on calibration experiments and a best curve fit.
As the subject exercises, the angular rotation of the lever arm is calculated for each step based on the distance sensor output. Additionally, the time between each peak distance is recorded and used for the calculation of stepping cadence. Using the values for angular rotation, stepping cadence, and weight in each enclosure, along with the geometry of the device, the power output can be calculated as a function of work and time. In particular, assuming that each step performed by the subject is the same and that at the end of each step the lever arm returns to the initial position ( Fig. 1) , the power can be calculated as
where P is the power, R is stepping cadence in steps per minute, m is the mass raised, g is the gravity, and Dh is the change in height of the lever arm.
As each lever arm rotates around the pivot bar (X ¼ 0, Y ¼ 0) (Fig. 3) , the associated work is a function of the weight of the enclosure itself as well as the weight added (N), the masses of the long and short arms (m L and m S , respectively) ( Fig. 4) , the centers of mass of the long and short arms ((x L ,ŷ L ) and (x S ,ŷ S ), respectively) and the of weight enclosure (x WE ,ŷ WE ), and the angle of rotation h
The angle of rotation h is calculated as
where H is the height change in a given step and L is the xdistance from the pivot point to the sensor location on the long arm (25.7 cm). Finally, stepping cadence is computed as the inverse of the time between peaks in the sensor reading. Then, stepping power is computed as in Eq. (1) from h and R during exercise, the weight added N for a given exercise level table while the subject is on his/her back (supine position); the subject's torso, which is being imaged, must be inside the cylindrical cavity (the MR bore). As the subject extends and then flexes alternating knees, the L-shaped lever arms are raised and then lowered in a dynamic stepping motion. The subject is prompted to maintain cadence using a metronome; the actual stepping cadence is measured by the built-in motion sensor which is connected to a computer in the monitoring room.
and the remaining known parameters. The value for gravity, g, is 9.81 m/s 2 . A graphical user interface was created to display lever arm motion, cadence and power in real time. Based on this information, feedback and instructions were given to the subject to improve his or her performance and alter the cadence if needed (Fig. 5) .
In order to shield the electronics from the radio frequency interference generated during MR scanning and to avoid imaging artifacts, an aluminum Faraday cage was created around the sensor and microcontroller. Also, copper wool was soldered onto the existing shielding of a USB cable that connects the microcontroller on the device to the control room through a waveguide. Copper on the end of the USB cord near the device provided additional shielding. This shielding proved effective at preventing radiofrequency interference from the MR scanner, allowing stepping cadence and stepping power data to be collected during MR scanning.
Cost
ing process could be completed in less than 10 h. Therefore the manufacturing costs in the U.S. can be as low as $100.
Pilot Testing Protocol. Pilot testing was performed on 5 healthy adult subjects (3 male and 2 female, 29.2 6 3.9 yr old, weight 74.9 6 6.3 kg, height 168 6 10 cm) using an institutional review board (IRB)-approved protocol after written informed consent was obtained. Images were obtained before exercise as a baseline and during a brief cessation from 3 to 4 min of physical exercise. Exercise was suspended during imaging because residual movements caused motion artifacts and unreliable gating off the ECG signal despite the hand straps and other torso movement stabilization features. Attempts with pulse oximeter gating suffered from unreliable gating as well due to hand movements during exercise. After the 3-4 min exercise segment, subjects were instructed to lie still and were imaged.
Magnetic Resonance Imaging. MR images were obtained using a 1.5 T scanner (HDxt GE Healthcare, Waukesha, WI) with a bore diameter of 55 cm and an eight-element phased array cardiac coil (GE Healthcare, Waukesha, WI). Cardiac output was assessed by acquiring two-dimensional (2D) phase contrast (PC) flow-sensitive MR images through the ascending and descending aorta and pulmonary artery. Representative slice location and corresponding cross-sectional images of the ascending and descending aorta are shown in Fig. 6 ; images of the main pulmonary artery (MPA) are shown in Fig. 7 . 2D PC MRI measures blood flow velocity based on the difference between the phase of magnetization for the flowing blood and the stationary tissues [18, 19] . Using the phase images, time-resolved flow through a cross section of aorta and main pulmonary artery was measured. The parameters of the product sequence were: field-of-view: 24 Â 36 cm, acquired spatial resolution ¼ 1 Â 1.5 mm, cine PC with ECG gating, segmented k-space acquisition with 4 views per segment, breathhold, scan time ¼ 30 heart beats. In addition to the phase images that are used to encode flow information, 2D PC acquisition also generate conventional anatomical images (magnitude images) which were used to define the boundaries and location of the cross-sectional area for flow calculations.
Data Analysis. Peak flow was calculated as the maximum flow within the cardiac cycle; mean flow was calculated as the average flow over the cardiac cycle. Stroke volume was calculated as the mean flow in the aorta (CO) divided by the heart rate, which was Table 1 for the mass and location of center of mass of each of these three sections. Table 1 Mass and location of center of mass for the three sections of each L-shaped lever arm: the long arm, the short arm and the weight enclosure (see Fig. 4 
Results
Qualitative assessment of 2D PC magnitude images (Figs. 7(a) and 7(c)) at rest and during a brief cessation from exercise indicate increased lung perfusion due to exercise. Blood vessels appear bright in the magnitude images acquired by 2D PC-MRI. Increased number of bright areas in the images acquired during a brief cessation from exercise ( Fig. 7(c) ) compared with images obtained at rest (Fig. 7(a) ) indicate more vessel recruitment and therefore higher lung perfusion. This qualitative result was confirmed with quantitative assessment. As evidenced by the ensemble-averaged flow rates over a cardiac cycle of one representative female subject at rest and during a brief cessation from physical exercise (Figs. 8(a) and 8(b) ), exercise increased the mean flow rate in the descending aorta by þ43% and in the ascending aorta by þ40%. On average for all 5 subjects, the mean flow rates of ascending and descending aorta significantly increased with exercise ( Fig. 7(c) ). The average heart rate of all subjects increased by 42%, from the baseline of 59.0 6 8.9 beats per minute (bpm) to 83.6 6 22.2 bpm and the average cardiac output increased by 42% ( Table 2) .
As expected, ensemble-averaged blood flow rate in the MPA also increased with exercise; in the same representative female subject, MPA mean flow rates increased by 101%. Furthermore, exercise significantly increased the average of flow in the MPA for all five subjects, by 49% (Fig. 9(c) ). The CSA of the MPA also increased with exercise ( Fig. 8(b) ). We calculated the minimum and maximum CSA of the MPA during the cardiac cycle for all of the subjects. The averaged CSA data shows significant increase of the minimum CSA with exercise (by 21%). As a consequence, RAC of the MPA significantly decreased by about 25% post exercise (Table 2) .
Discussion
Cardiac stress test is an important diagnostic and prognostic tool for a wide range of cardiovascular pathologies. We designed, constructed and tested a low-cost MRI-compatible exercise device to examine cardiac function with physical stress. The design of our device allowed the subject to exercise inside the MRI bore, thereby minimizing the intermission between exercising and imaging. The exercise work-load was adjusted by changing the stepping resistance or cadence. The built-in electronic feedback system enabled real-time measurement and monitoring of the workload. The pilot testing demonstrated that our device was successful at inducing a cardiac stress state, without the use of pharmaceuticals, while simultaneously allowing high quality MR imaging. Unlike pharmacologically induced cardiac stress, exercise with our device can be stopped at any time, which increases the safety of the device. Unlike echocardiography-based exercise stress tests, our device allows high quality imaging of the right ventricle. That is, whereas exercise stress echocardiography has been used to identify early-stage pulmonary hypertension in systemic sclerosis [21] , echocardiographic assessment of the right ventricle remains challenging due to its asymmetric shape. Cardiac-MRI is currently considered as the reference standard for right ventricular structure and function assessment [22] . Utilizing exercise stress tests with cardiac-MRI will allow better assessment of exercise intolerance in various cardiovascular pathologies such as congenital heart disease, tetralogy of Fallot and pulmonary hypertension [23] . Hence, our device has a great potential in functional right heart studies for diagnosis and prognosis of cardiopulmonary vascular diseases.
The response of cardiac hemodynamics to exercise stress has been previously studied with MRI [16, [24] [25] [26] . Using a treadmill near the MRI, Jekic et al. demonstrated a threefold increase in CO with exercise in healthy volunteers [16] . The main drawback of this treadmill system is the repositioning time between the exercise and imaging, which allows significant heart rate recovery in healthy subjects. Currently, there are two commercially available exercise devices that allow exercise inside the MRI bore: the MRI cardiac ergometer (Lode BV, Groningen, The Netherlands) [25, 26] and the cardiospect ergometer [27, 28] . Both of these devices cost approximately $25k, whereas the total cost for the custom-made exercise device presented here was under $200. Recently, Gusso et al. described the design and construction of a cycle ergometer that can be used inside the MRI bore [24] . While Gusso et al. did not report the cost of their device, we anticipate that the greater simplicity of the stepping motion led to lower costs for our device. The simple design and fabrication methods used for our device compared with similar commercial and custom-made devices allow easier and cheaper modifications to address different needs (e.g., smaller device for stress-tests in children). Furthermore, the readily available and inexpensive parts and supplies in our device make routine maintenance and repair cost-effective. In addition, operating our exercise device requires few skills, which is desirable in the clinical environment. Overall Table 2 Summary of hemodynamic data obtained at rest and during a brief cessation from physical exercise averaged for 5 healthy subjects. AA: ascending aorta, DA: descending aorta, MPA: main pulmonary artery. Significant difference between rest and exercise was observed for heart rate, mean AA flow, mean DA flow, mean MPA flow and RAC of MPA. Data are expressed as mean 6SD. P value <0.05 indicates statistically significant difference between rest and exercise conditions.
Hemodynamic parameter
Rest our custom-made device offers a feasible, safe, easy-to-use and low-cost clinical platform for the noninvasive measurement of cardiac response to exercise stress. The main limitation of the device is its relatively large size and overall dimensions (height ¼ 70 cm, width ¼ 60 cm, length ¼ 100 cm) which must be considered in storage and transportation. The main limitation of our study was the inability of the MR sequence to capture instantaneous changes of blood flow velocity during exercise without ECG-gating. The 2D PC blood flow quantification is based on integrating the voxel velocities in the region of interest (vessel lumen). To accurately quantify the hemodynamic changes, data acquisition with high temporal resolution is preferable. However to acquire images with appropriate spatial resolution, scanning time has to be longer than a single heartbeat. Therefore, the scans were segmented throughout consecutive cardiac cycles by ECG-gating (RR interval) and ensembleaveraged blood flow measurements represent multiple cardiac cycles. Characterizing flow velocity over multiple cardiac cycles in highly transient flows (such as in recovery from exercise) could be inaccurate due to beat-to-beat variations. Thus, the use of segmented ECG-gating is a limitation in these studies. Using faster imaging sequences or alternative gating techniques which require fewer cardiac cycles could improve the accuracy of flow measurements [29] . Another limitation of the study is that we did not collect qualitative or quantitative data on subject or clinician acceptance, subject comfort, or subject perceived exertion using the device.
Conclusions
We designed, constructed and tested a relatively inexpensive MRI-compatible exercise device for the purpose of MRI cardiac stress testing. We performed a pilot test with 5 healthy adult subjects and demonstrated significant increases in heart rate and cardiac output. The main advantage of our exercise device is the minimal intermission between exercising and imaging that allows accurate capture of hemodynamic changes in the cardiovascular system. The use of exercise in the MR scanner offers great potential in clinical practice to accurately and noninvasively assess cardiovascular function under stress.
RF ¼ radiofrequency RV ¼ right ventricle SV ¼ stroke volume TRJV ¼ tricuspid regurgitant jet velocity VTI ¼ velocity-time integral
